Ultraviolet detection from energetically deposited titania films Thin films of unintentionally doped n-type titania have been energetically deposited from a filtered cathodic vacuum arc. All films were dense, smooth, and transparent with crystallinity depending on the deposition/annealing temperature. At a growth temperature of 600 C, the preferred phase could be changed from rutile to anatase by increasing the oxygen process pressure thereby reducing dynamic annealing. Pt/TiO x /Pt ultraviolet detectors exhibiting rectifying current-voltage characteristics and ultraviolet-visible rejection ratios exceeding 10 4 :1 were formed on selected films. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870069] Titanium oxide (or titania) is a polymorphous, wide bandgap semiconducting material with electrical and optical properties that vary with its microstructure. 1 The lower temperature anatase structure has an indirect optical bandgap of $3.2 eV, 2 whilst rutile titania has a direct optical bandgap of $3.0 eV. Anatase and rutile titania both exhibit high refractive index, good chemical stability, biocompatibility, high transmission in the visible region, and electrical conduction that can be readily tuned through doping and/or native defects. 3 Existing applications include bio-coatings, 4 biosensors, 5 ultraviolet (UV) light detectors, 6 solar cell layers, 7 and transparent electronic devices. 8 Thin films of titania are normally grown using low-energy physical vapour or chemical vapour deposition techniques. [9] [10] [11] Energetic physical vapour deposition can produce high quality thin films over large areas and provides a means to access a greater variety of microstructures at lower growth temperatures. 12 In this Letter, titania coatings were energetically deposited (up to $20 eV) using a filtered cathodic vacuum arc (FCVA). 13 This method is capable of producing dense, well adhered metal oxide coatings over large areas with optical and electrical properties suitable for device applications. [14] [15] [16] [17] The microstructures, optical, and electrical properties of films dynamically annealed during growth were compared with those deposited at room temperature (RT) and subsequently annealed. In addition to studying the crystallography and local bonding, the titania films were evaluated as active layers in UV light detectors.
All the titania films were deposited at floating potential onto quartz and sapphire substrates using a Nanofilm FCVA system 18 equipped with a 68 mm diameter 99.99% purity Ti cathode. The arc current was 115 A and other operating conditions were as shown in Table I . The sheet resistances of the TiO x films (also shown in Table I ) were measured at room temperature using an Ecopia HMS-3000 system and lithographically defined Van der Pauw Ti/Au Ohmic contacts. Atomic force microscopy, performed using tapping mode, revealed uniform morphologies with surface roughness less than 1% of the film thickness. The composition of the films was analysed using X-ray photoelectron spectroscopy and found to be within 1% of stoichiometric TiO 2 . As shown in Fig. 1 , X-ray diffraction (XRD) (obtained using a Bruker D8 Discover GADDS micro-diffractometer with monochromatic Cu Ka source) revealed an amorphous microstructure in the film prepared at room temperature. Powder standards (Deguss P25 with anatase:rutile:amorphous ratio of 78:14:8 as-received and largely rutile after annealing at 800 C) show clear peaks associated with the anatase and rutile phases.
The local bonding in the RT film was investigated using X-ray absorption spectroscopy (using the soft X-ray beamline at the Australian synchrotron). The X-ray absorption near edge structure (XANES) of the Ti L 2 and L 3 edges (collected using the Auger electron yield) is shown in Fig. 2 . The figure also shows the corresponding edges from the P25 and An-P25 powder standards and from a Ti foil (Ti). Peaks a and b arise from interactions between the newly formed core-hole and poorly screened 3d electrons. 19 The L 2 and L 3 edges each consist of a doublet caused by crystal field splitting of the L energy bands into e g and t 2g sub bands, seen clearly in the spectrum from the Ti foil. Changes in the long range order of the sample can cause further splitting of each e g peak into d 1 and e 1 peaks. 20 This splitting is evident in the L 3 peak from the P25 and An-P25 standards but, due to lifetime broadening, is not clear in the L 2 peak. The L 3 -e g peak is sensitive to the bonding environment and is frequently used to identify the phase of the material. Changes in the phase (from a mixed phase to rutile) after annealing the P25 powder standard become clear with the increase in intensity of the e 1 peak relative to the d 1 peak. The XANES from the RT film is similar to that from the largely anatase (as-received) P25, indicating that anatase bonding is prevalent in this film. However, the broader e g peaks from RT are consistent with its highly disordered microstructure.
A typical UV-visible transmission plot with accompanying Tauc plot 21 is shown in Fig. 3 with the extracted optical bandgaps from all films shown in Table I . The low resistivity and optical bandgap exhibited by the RT film are consistent with a disordered anatase material. The defects most likely to cause the low resistivity of this film are those related to oxygen deficiency. Pt contacts, consisting of 20 inter-digital strips each of thickness 10 nm, length 280 lm, and width 6 lm, were lithographically patterned on all films and their current-voltage (I-V) characteristics were measured in light and dark conditions. The active area of each device was assumed to be 500 Â 500 lm 2 . Illumination through the substrate was achieved using light emitting diodes (calibrated to provide equal optical power density and with <20 nm FWHM) with different centre wavelengths (k c ) mounted beneath the detectors on a purpose made probe station. The RT film exhibited Ohmic characteristics and little sensitivity to light.
Samples of the RT film were annealed in vacuum for 1 h at temperatures straddling the commonly accepted anatase-rutile bulk transition temperature. 22 The XRD from the film annealed at 650 C (An-650) was consistent with a mixed microstructure with peaks attributable to both anatase and rutile phases. According to Scherrer's equation, 23 the difference in the widths of the anatase and rutile peaks indicates that the anatase crystallites in the film are largest, apparently with rutile crystallites in the early stages of nucleation. The XANES from this film contradicts the XRD indicating that the local bonding is largely rutile. The disagreement is attributed to the presence large numbers of rutile nano-crystallites in the film and a relative lack of sensitivity to these nano-crystallites compared to the XANES. 24 As noted by Limpijumnong et al., 24 XANES accurately reveals the phases present in the films (determining the photoelectronic properties) regardless of the size of the constituent crystallites. The film annealed at 750 C exhibits a more ordered, principally rutile, microstructure. The optical bandgaps of An-650 and An-750 are both 0.1 eV lower than the as-deposited film and the electrical resistivity increases with annealing temperature. These measurements are consistent with a reduction in defects associated with oxygen deficiency, resulting from the increased order in the annealed films. Detectors formed on the annealed films exhibited rectifying I-V characteristics and improved sensitivity to UV light (see Table I ). Fig. 4(a) shows the I-V characteristics of a PtTiO x -Pt inter-digital contact structure (shown in inset) formed on An-750 measured in dark and illuminated conditions. The non-linearity of the I-V characteristics results from the rectifying Schottky junctions at the Pt-TiO x interfaces. The UV:dark current ratio measured at þ500 mV is >1000:1 (for k c ¼ 285 nm and 365 nm). The photo-responsivity (R) of the device at the different wavelengths is shown as an inset. Comparing R at k c ¼ 285 nm with R at k c ¼ 470 nm, provides an ultraviolet-visible rejection ratio of $22 000:1. Response and recovery times for this device were measured during and after 120 s periods of UV light exposure. The response time, defined here as the time at which the current at 500 mV is >90% of its maximum value during UV exposure, was $30 s. The recovery time, defined as the time taken for the current at 500 mV to reach <200% of its minimum (dark) value, was $600 s. The relatively slow response/recovery times are attributed in part to the presence of oxygen vacancies that are known to trap holes in TiO x , preventing recombination with electrons after UV exposure. 25, 26 Molecular oxygen, bound to the defective TiO x surface is also expected to contribute to the extended response/recovery times. Adsorption of molecular oxygen on the surface of TiO 2 is well characterised and central to applications in photo-catalysis. 27 Whilst O 2 does not adsorb on a perfect neutral TiO 2 surface, 28 it does adsorb and form O-Ti bonds when excess negative charges (photo-excited electrons and/or subsurface oxygen vacancies) are available. The O 2 adsorbed on the surface of TiO 2 captures photo-induced electrons as well as the free electrons located on oxygen vacancy states. This effect, coupled with the subsequent desorption of O 2 and release of captured electrons, would cause prolonged response and recovery times in the TiO x UV detectors.
The effects of dynamic annealing were explored with a titania film grown at 600 C but with otherwise identical conditions to those used for the RT film. The XRD (Fig. 1) and XANES (Fig. 2) from this "600" film show it to be dominated by the rutile phase. The XRD has prominent {101} and {200} rutile peaks. Whilst the preferred crystallographic orientation is different to that observed in the annealed films, the XANES shows the local bonding is similar. The 3.1 eV optical bandgap is consistent with a largely rutile microstructure, whilst its low electrical resistance suggests the presence of a large number of active defects. This manifests itself in relatively poor UV detection (see Table I ).
The aforementioned deposition was repeated but with higher oxygen pressure to reduce the effects of oxygen deficiency. This film, labelled 600-HO, produced XRD and XANES, consistent with a largely anatase ordered microstructure. Increased oxygen pressure therefore resulted in different growth to that occurring during the deposition of the 600 film. Since both deposition rate and average energy in the depositing flux are reduced with increased process pressure (due to increased collisions with the process gas), the change in growth/microstructure at higher pressure is attributed to reduced dynamic annealing. The optical bandgap of 600-HO (3.2 eV) is consistent with its predominantly anatase microstructure. Importantly, the electrical resistivity exceeds that in all other films and the Pt-TiO x -Pt detector on this film is sensitive to UV light, as shown in Fig. 4(b) . The inset in Fig. 4(b) shows the photo-responsivity, R, plotted as a function of the centre wavelength of illuminating light. Comparing R at k c ¼ 285 nm with R at k c ¼ 470 nm, provides an ultraviolet-visible rejection ratio of $200:1. The detectors formed on An-750 (Fig. 3(a) ) and 600-HO (Fig. 3(b) ) respond differently to light with k c ¼ 365 nm. Due to the differing dominant phases in the films and their differing optical bandgaps, the cut-off of the detector on the An-750 film appears as expected, at a longer wavelength.
In summary, titania films energetically deposited from a filtered cathodic arc have been structurally, optically, and electronically characterised before being implemented in UV detection devices. An oxygen pressure dependent transition from anatase to rutile occurred at a growth temperature of 600 C. All films exhibited low surface roughness and optical bandgaps between 3.1 and 3.3 eV. Higher growth and annealing temperatures resulted in higher resistivity, consistent with more efficient oxygen incorporation. Pt/TiO x /Pt inter-digital (back-to-back) rectifying junctions formed on the high-temperature grown and annealed films exhibited nonlinear I-V characteristics and sensitivity to UV light. The most sensitive UV detector exhibited an ultraviolet-visible rejection ratio of $22 000:1 (for k c ¼ 285 nm and 365 nm).
